Abstract The headwaters of karst rivers experience considerable hydrological variability, including spates and streambed drying. Extreme summer flooding on the River Lathkill (Derbyshire, UK) provided the opportunity to examine the invertebrate community response to unseasonal spate flows, flow recession and, at temporary sites, streambed drying. Invertebrates were sampled at sites with differing flow permanence regimes during and after the spates. Following streambed drying at temporary sites, dewatered surface sediments were investigated as a refugium for aquatic invertebrates. Experimental rehydration of these dewatered sediments was conducted to promote development of desiccation-tolerant life stages. At perennial sites, spate flows reduced invertebrate abundance and diversity, whilst at temporary sites, flow reactivation facilitated rapid colonisation of the surface channel by a limited number of invertebrate taxa. Following streambed drying, 38 taxa were recorded from the dewatered and rehydrated sediments, with Oligochaeta being the most abundant taxon and Chironomidae (Diptera) the most diverse. Experimental rehydration of dewatered sediments revealed the presence of additional taxa, including Stenophylax sp. (Trichoptera: Limnephilidae) and Nemoura sp. (Plecoptera: Nemouridae). The influence of flow permanence on invertebrate community composition was apparent despite the aseasonal high-magnitude flood events. Flow permanence was also critical in determining the community response to the spate flows. Following streambed drying at temporary sites, the surficial sediments overlying the karstic bedrock functioned as an effective refugium for several taxa. The development of aquatic insects following experimental rehydration indicated that these taxa survived in dewatered sediments as desiccation-resistant eggs.
Introduction
Hydrological variability is a critical factor in structuring lotic freshwater habitats and in determining the composition of instream communities (Lytle & Poff, 2004; Monk et al., 2008) . Flow permanence, in particular, has been demonstrated to have a greater influence on instream macroinvertebrate assemblages than many other physiochemical variables, resulting in significant differences in community composition between perennial and adjacent temporary sites (Erman & Erman, 1995; Smith & Wood, 2002) . Temporary streams naturally experience a wide range of hydrological conditions, including floods and streambed desiccation, and these conditions can occur in quick succession (Lytle, 2000) . Such hydrological extremes may act as the principal influence structuring instream communities including benthic and hyporheic invertebrates (Meyer et al., 2003; Smith et al., 2003; Datry et al., 2007) .
Flooding may cause dramatic reductions in both invertebrate species richness and community abundance, due to the scouring and erosive action of high flows (Olsen & Townsend, 2005) . At the other extreme of the hydrological continuum, regular drying of the streambed may strongly influence the structure of lotic invertebrate communities and lead to the exclusion of taxa reliant on flowing and/or free water habitats (Boulton, 2003) . In particular, a temporary flow regime may exclude bivoltine and multivoltine taxa, species with lifecycles exceeding one year, and those with a significant aquatic growth phase coincident with the summer drought period, as these groups may be unable to complete the aquatic phase of their lifecycle between drying events (Wright, 1981; Smith & Wood, 2002) .
To date, most research on the ecology and survival strategies of invertebrates in temporary waters has been conducted in Mediterranean and semi-arid systems (e.g. Stanley et al., 1994) , despite the relatively common occurrence of temporary lotic ecosystems in temperate environments, particularly in karst landscapes (Meyer et al., 2003; Datry et al., 2007) . Fauna inhabiting such temporary waters require adaptations that promote resistance (the ability to tolerate a disturbance) and/or resilience (the ability to recover following a disturbance) (sensu Lake, 2000) to streambed drying. These adaptations include physiological, behavioural, morphological and life history strategies (Humphries & Baldwin, 2003) . Physiological adaptations to habitat drying include desiccation tolerant egg, larval or adult stages in either a dormant or active state (Williams, 2006) . Life-history adaptations, common in aquatic insects, involve the synchronisation of terrestrial life stages with regular streambed drying events (e.g. Salavert et al., 2008) , although such strategies may not promote persistence during unpredictable hydrological disturbances (Lytle & Poff, 2004) .
Behavioural adaptations centre on the use of physical habitat refugia that minimise exposure to adverse hydrological conditions (Lancaster & Hildrew, 1993) . Refugia during drying events are areas that either retain free water or maintain relatively high humidity (Boulton, 1989) . The hyporheic zone has been demonstrated to act as a refugium during both spates and streambed drying (e.g. Dole-Olivier & Marmonier, 1992; Clinton et al., 1996) . However, a welldeveloped, saturated hyporheic zone, as is commonly associated with alluvial sediments, is not present in all the riverine systems. In karst rivers, for example, the substratum in the headwaters may be principally composed of shattered limestone bedrock (i.e. the epikarst: Pipan, 2005) overlain in places by finer sediments.
This article examines the response of aquatic invertebrates in both perennial and temporary reaches of the River Lathkill (Derbyshire, UK) to an unusual sequence of hydrological extremes, including a severe summer flood, declining flow, and at some temporary sites, streambed drying. Following drying at temporary sites, the refugial capacity of the dewatered sediments overlying the epikarstic bedrock was investigated. We hypothesise that: (i) distinct invertebrate communities will occur at sites with differing flow permanence, and that differences in community composition will be evident despite varying hydrological conditions; and that (ii) drying of the streambed at temporary sites will eliminate some taxa, whilst others will have adaptations facilitating their survival in the dewatered sediments.
Methods

Study area
The River Lathkill, located within the White Peak area of the Peak District (Derbyshire, England; 53°11.2 0 N, 1°44.4 0 W), is underlain by carboniferous limestone, which manifests as a karst landscape. The River Lathkill rises from the centre of the limestone outcrop and primarily discharges autogenic water (i.e. water that has only been in contact with carbonate rocks). The climate of this region is temperate, with a mean annual rainfall of *1,200 mm, and a mean annual air temperature of 8.0°C, ranging from a mean of 1.7°C in January to 14.5°C in July (Wood et al., 2005) .
Classification of the flow regimes experienced by temporary lotic freshwaters has rarely been attempted from an ecological perspective, reflecting the difficulty in defining boundaries between diverse habitat types (Hughes, 2005) . A scheme proposed by Williams (2006) classified habitats into five groups (ephemeral, episodic, intermittent, seasonal and near-permanent) based on the length of the dry phase. However, the broad range of flow regimes encompassed by each of these groups renders this system inappropriate for investigations conducted at small spatial scales where a natural gradient of flow permanence exists. In the current investigation, Williams' (2006) classification scheme was therefore modified to reflect the variability in flow permanence regimes: the term 'ephemeral' is applied to sites typically dry for [6 months each year and experiencing rapid flow resumptions following sustained high rainfall inputs, whereas 'intermittent' is used to describe sites that also dry annually but for \6 months. The term 'transitional' is used to refer to sites that become dry for only a slightly shorter period than intermittent sites in some years but, crucially, had not dried prior to the start of this study. The term 'temporary' is used in this study as a general term to refer to all sites that are not perennial.
Using this classification scheme, the Lathkill is ephemeral from its source (Head cave, 1, Fig. 1 ) downstream for a distance of *250 m, this reach typically remaining dry throughout the summer months. The tributary Cales Dale, which has a common catchment with the Lathkill, experiences similar flow conditions to the ephemeral main channel sites. In addition, the valley upstream of the source ( Fig. 1, A) is ephemeral, with water being present here only sporadically during periods of high flow. The Lathkill becomes intermittent downstream of the ephemeral reach, with the duration of the dry phase gradually decreasing with progression downstream. A series of spring inputs (Holme Grove Risings, Fig. 1 ) results in the increased flow permanence that characterises the transitional reach, which did not dry in 2007 prior to the beginning of this study. Downstream of further spring inputs and Cales Dale, the river is perennial for the remainder of the study area. The substrate of the Lathkill headwaters comprises exposed epikarstic bedrock interspersed with areas of finer sediments, which are overlain in places by limestone boulders, cobbles and gravelsized clasts and are stabilised by semi-aquatic and terrestrial vegetation. (Fig. 1, A) , and occurred during a period of widespread, extreme flood events in England and Wales (Marsh, 2008) . Following these floods, discharge declined, with the head of the river gradually migrating downstream over the next four weeks. Surface water was again lost from the ephemeral and intermittent reaches 47 days after flow had resumed (9th August), and the channel then remained dry until after the end of the study (3rd October). Flow at the downstream gauging site declined to 320 l/s by the 9th August and continued to decline throughout the study period.
Sampling
Aquatic invertebrates were sampled on seven dates between 29th June and 3rd October 2007. A total of 13 sites were sampled during the study period. Of these, six sites are located on the main channel of the River Lathkill (Fig. 1, A-E and G) whilst one site is located on the tributary, Cales Dale (Fig. 1, F) . These main channel sites comprised three ephemeral, two intermittent, one transitional and one perennial site. In addition, six springs adjacent to the river and tributary were sampled (Fig. 1, 1-6 ), of which three were ephemeral, two intermittent and one perennial. These sites represent the range of hydrological conditions occurring along the gradient of flow permanence found in the Lathkill headwaters. The number of samples taken to characterise the macroinvertebrate community at sites in each of the four flow permanence categories on each sampling date was not equal due to prohibitively high flows at transitional and perennial sites during the spates and the drying of ephemeral and intermittent sites as the study proceeded (Table 1) . The aquatic invertebrate community was sampled using two complementary techniques. To characterise community diversity at each main channel site, the semi-quantitative kick sampling technique was conducted using a pond (hand) net (900 lm mesh, 230 9 255 mm frame, 275 mm bag depth) attached to a 1.5 m handle according to Furse et al. (1981) . In addition, in order to fully quantify the community, Surber samples (0.1 m 2 frame with a 250 lm mesh net) were collected by manually disturbing the substrate within the frame area to a depth of *5 cm over a 30-s period. Large clasts located within the Surber frame were inspected individually and attached invertebrates removed and added to the sample. All the samples were preserved in the field with 10% formaldehyde solution prior to processing and identification in the laboratory. At each sampling location, water temperature (°C), pH, dissolved oxygen (mg l -1 ) and conductivity (lS cm -1 ) were measured in situ using standard instrumentation (Hanna Instruments).
Following streambed drying in the ephemeral and intermittent reaches, dewatered sediment samples were collected from three main channel sites (Fig. 1 , B, D and F) and three springs ( Fig. 1, 1 , 5 and 6), on three dates (9th and 20th August, and 7th September), and from one site (Fig. 1, D) on a fourth date (3rd October). At each site, two samples, each weighing approximately 1 kg, were extracted from the channel using a trowel. Clasts greater than 10 mm in size and terrestrial vegetation were excluded from the samples, whilst desiccated aquatic vegetation (primarily bryophytes) was retained. All sediment samples were returned to the laboratory and weighed. One sample from each pair was preserved in a 10% formaldehyde solution for later processing and identification of 
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Serratella ignita 16 Plecoptera
Diura bicaudata 12
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Leuctra spp. invertebrates (subsequently referred to as dewatered), and the other rehydrated with dechlorinated water at ambient air temperature (subsequently referred to as rehydrated). Rehydration experiments were conducted within aerated 10 l containers. Each container was sealed with a perforated lid, the holes being plugged with cotton wool to prevent the colonisation by external invertebrates and the escape of emerging aquatic insects. The containers were checked daily for the presence of active aquatic invertebrates, including recently emerged adult insects. All observed invertebrates (including meiofauna) were removed and preserved in 10 % formaldehyde solution for later identification. Rehydration experiments were terminated after 28 days and the sediment preserved for subsequent processing and identification of the remaining invertebrates.
Sediment samples were processed under a dissecting microscope (60.5 magnification) to facilitate observation of meiofauna. Invertebrates from all samples (Surber, kick and sediment) were identified to the lowest taxonomic resolution possible, usually species level, except for the Diptera (Ceratopogonidae, Dixidae, Empididae, Psychodidae, Tipulidae and some Chironomidae), Harpacticoida, Ostracoda, Nematoda, some Cyclopoida, and some Oligochaeta. Sub-samples of Chironomidae and Cyclopoida from sediment samples were selected for species level identification.
Statistical analysis
Quantitative invertebrate community data collected during the period of surface flow (i.e. all Surber samples) were analysed with detrended correspondence analysis (DCA) using the program CANOCO 4.5 (ter Braak & Š milauer, 2002) . Prior to analysis, data were log-transformed (ln ? 1) to reduce the effect of very abundant taxa at the centre of the ordination, and rare taxa were downweighted. Following this analysis, DCA axis scores were correlated with sample dates to examine their potential influence on community structure. The Shannon-Wiener and Simpson's diversity indices and the Berger-Parker dominance index were calculated using the program Species Diversity and Richness 3.03 (Pisces Conservation Ltd., 2002) . These indices, along with the number of taxa and total invertebrate abundance (individuals 0.1 m -2 ), were used as dependent variables in subsequent analyses. One-way analysis of variance (ANOVA) with Tukey-Kramer honestly significant difference (HSD) tests (Tukey, 1949; Kramer, 1956 ) were used to examine differences in the invertebrate community: (i) spatially, along the gradient of flow permanence; (ii) temporally, from spate through to baseflow; and (iii) between spring and main channel sampling sites. Paired t-tests were used to examine spatial and temporal differences in the measured water parameters. Preliminary analysis indicated that spring and main channel sites supported similar communities and had similar values for all measured water parameters, and samples taken from both types of site were therefore considered together in subsequent analyses. Statistical analyses were undertaken using the program SPSS 14.0 (SPSS Inc., Chicago).
Results
Water temperature, pH, dissolved oxygen and conductivity measurements taken whilst surface flow persisted were similar for all the sites, with no significant differences in any parameter between perennial, transitional, intermittent and ephemeral sites on individual sampling dates. Water temperature varied between 8.6-11.2°C during the study period, but did not change significantly between sampling dates (t-test, P = 0.106). The pH was neutral to slightly alkaline (7.0-8.1), and did not vary significantly between sampling dates (t-test, P = 0.480). Dissolved oxygen varied between 12.6 mg l -1 and 3.86 mg l -1 with a significant reduction in concentrations from June (mean 10.2 mg l -1 ) to October (mean 5.4 mg l -1 ) (t-test, P = 0.006). Conductivity varied considerably, between 277 lS cm -1 and 662 lS cm -1 , declining slightly throughout the study period until the last date, when values were at their highest (t-test, P = 0.049).
Spatial variability in community composition
One-way ANOVA of invertebrate community data indicated that species richness (number of taxa) (P = 0.001; F-ratio = 7.07), total abundance (P = 0.025; F-ratio = 3.45), the Berger-Parker dominance index (P = 0.018; F-ratio = 3.74) and the Simpson's Diversity index (P \ 0.001; F-ratio = 8.21) were all significantly different at sites with differing flow permanence regimes, whilst Shannon-Wiener diversity did not differ significantly (P = 0.286; F-ratio = 1.302). Species richness was significantly higher at perennial sites (mean = 8.1 taxa 0.1 m -2 ; total taxa = 32) than at intermittent sites (mean = 3.4 taxa 0.1 m -2 ; total taxa = 15; Tukey-Kramer test, P = 0.029) and ephemeral sites (mean = 2.9 taxa 0.1 m -2 ; total taxa = 9; Tukey-Kramer test, P \ 0.001), but was not significantly different to transitional sites (mean = 5.2 taxa 0.1 m -2 ; total taxa = 29; Tukey-Kramer test, P [ 0.05). Invertebrate abundance was highest at transitional sites (mean = 548.4 ind. 0.1 m -2 ), and was also high at perennial sites (mean = 431.2 ind. 0.1 m -2 ), although abundance at both site types was highly variable (Table 1) . Abundance was considerably lower at intermittent sites compared to transitional and perennial sites (mean = 25 ind. 0.1 m -2 ) and was much lower at ephemeral sites than at all sites with greater flow permanence (mean = 8.7 ind. 0.1 m -2 ), although this was not significant. Berger-Parker dominance was highest at perennial (mean = 0.76) and transitional sites (mean = 0.75), and was lower at intermittent sites (mean = 0.62), although this was not significant. Berger-Parker dominance was lowest at ephemeral sites (mean = 0.58), this being significantly different to both perennial and transitional sites (Tukey-Kramer test, P \ 0.05) but not intermittent sites. Simpson's diversity was highest at ephemeral sites (mean = 2.96), and was significantly higher here than at transitional sites (mean 1.64; TukeyKramer test, P \ 0.001) and perennial sites (mean = 1.78; Tukey-Kramer test, P = 0.002), but not intermittent sites (mean = 2.22; Tukey-Kramer test, P [ 0.05).
Axes 1 and 2 of the detrended correspondence analysis (DCA) accounted for 18.4% and 12.8% of the variance in the species data respectively. The DCA ordination plot indicated that samples were separated on axis 1 according to flow permanence (Fig. 2) . Samples from perennial sites plotted as a broad group with relatively high values on axis 1 and overlapped with samples from transitional sites. The transitional samples in turn overlapped with samples from both intermittent and, to a lesser extent, ephemeral sites. Samples from intermittent and ephemeral sites formed a cluster with relatively low axis 1 values. The few taxa recorded predominantly at ephemeral and intermittent sites had low axis 1 scores, including the gastropods Zonitoides spp. and Lymnaea truncatula, and Helophorus spp. larvae (Coleoptera: Helophoridae), which was the only taxon recorded exclusively at ephemeral sites (Table 1 ). All taxa associated with intermittent and ephemeral habitats occurred at very low abundances (\5 ind. 0.1 m -2 ); most of the community at these sites therefore comprised ubiquitous taxa. These included Gammarus pulex (Amphipoda: Gammaridae), which accounted for 38.3 % of the community at perennial sites, 50.9 % at transitional sites, 50.4 % at intermittent sites and 36.9 % at ephemeral sites; G. pulex therefore plotted towards the centre of the DCA ordination. Other taxa dominating the intermittent and ephemeral communities occurred at similar abundances throughout the study area, for example the mean abundance of the Oligochaeta was between 2.2 and 4.8 individuals 0.1 m -2 at sites with all flow permanence regimes, however, this accounted for only 0.5 % of the community at perennial sites, increasing to 29.9 % at ephemeral sites; the Oligochaeta therefore plotted on the left of the DCA ordination. Similarly, Pisidium personatum (Bivalvia: Sphaeriidae) and Asellus aquaticus (Isopoda: Asellidae) were ubiquitous, but only comprised a significant proportion of the community at intermittent and ephemeral sites, where they accounted for 15.2 % and 8.2 % of all individuals respectively. Many taxa were recorded exclusively at sites with greater flow permanence, and therefore had high axis 1 scores. These taxa included all Ephemeroptera (Baetis sp. and Serratella ignita), Plecoptera (Diura bicaudata, Isoperla grammatica, Leuctra fusca and L. hippopus) and Trichoptera (Drusus annulatus and Plectrocnemia conspersa), and the Diptera families Ceratopogonidae and Stratiomyidae (Table 1) . The most common taxon at perennial sites was the Chironomidae (Diptera), accounting for 54.7 % of the community, and similarly at transitional sites, chironomids comprised 45.7 % of all individuals. Samples were separated on axis 2 of the DCA ordination based on hydrological conditions, with samples taken during high flows having high values on axis 2, and those taken as flow declined being distributed sequentially along the axis (Fig. 2) . However, the correlation between sampling dates (i.e. hydrological conditions) and the axis 2 sample scores was only strong for transitional (r = 0.94) and perennial (r = 0.90) sites, whilst no significant correlation was recorded for either intermittent or ephemeral sites (r = 0.01 and r = 0.02, respectively).
Temporal variability in community composition from flood to flow cessation Five days after the reactivation of flow at the ephemeral and intermittent sites, four taxa were recorded: G. pulex, A. aquaticus, P. personatum and Oligochaeta, the latter being the most numerous group with abundance peaking at 11 individuals 0.1 m -2 at an intermittent site (Fig. 1, D) . Total invertebrate abundance remained relatively low at the ephemeral and intermittent sites throughout the study period, reaching a maximum of 39 individuals 0.1 m -2 19 days after flow resumed (Fig. 3a) . Small increases in the number of taxa and the ShannonWiener diversity index were observed at ephemeral and intermittent sites shortly after the resumption of flow, however, these as well as changes in Simpson's diversity were not significant (P [ 0.05; Fig. 3b and c) . Invertebrate abundance and number of taxa were low at transitional and perennial sites following the spates (Fig. 4a and b) . However, the lowest mean abundance recorded at a perennial site (57.5 ind. 0.1 m -2 34 days after flow resumed) still exceeded the highest abundance recorded at any intermittent or ephemeral site (32 ind. 0.1 m -2 at an intermittent site, 34 days after flow resumed) (Figs. 3a and 4a) . At transitional and perennial sites, community recovery in terms of both abundance and diversity was apparent 23 days after flow started to decline, and both measures continued to rise throughout the remainder of the study period ( Fig. 4a and b) ; Shannon-Wiener diversity recovered more rapidly (Fig. 4c) . The highest abundance ([2,000 ind. 0.1 m -2 ) was recorded at a transitional site on the final sampling occasion ( Fig. 1, E ; 102 days after flow resumption).
The persistence of aquatic fauna following dewatering of ephemeral and intermittent sites A total of 3,086 individuals belonging to 41 taxa (25 families) were recorded from 38 sediment samples (combined weight = 38.7 kg) collected from the dewatered riverbed. The Oligochaeta, including the families Tubificidae (Limnodrilus hoffmeisteri and Tubifex tubifex), Lumbricidae, Naididae and Enchytraeidae, were the most abundant taxa, accounting for 60.9 % of all recorded individuals. A cyclopoid copepod, Diacyclops bicuspidatus, and P. personatum were also abundant, accounting for 15.1 % and 13.0 % of recorded individuals respectively. The Chironomidae, particularly the tribe Orthocladiini, were also relatively common, comprising 7.3 % of all individuals, whilst other taxa occurred at densities of only 1-2 individuals per *1 kg sample. Some taxa, in particular G. pulex, were only recorded on the first sampling date following the loss of surface water, and were observed in areas retaining some moisture, i.e. under rocks and in dense mats of bryophytes. Other taxa, including adult Agabus guttatus (Coleoptera: Dytiscidae) and Helophorus brevipalpis, and larval chironomids of the genus Metriocnemus, were recorded alive in dewatered sediments 29 days after surface water was lost, whilst D. bicuspidatus (both immature and adult life stages) and Smittia sp. (Chironomidae) were recorded in sediments extracted after 55 days.
Several insect taxa were recorded exclusively in sediments that were experimentally rehydrated, including Stenophylax sp. (Trichoptera: Limnephilidae), Community composition (mean ± 1 SE) recorded at perennial and transitional sites during and after spates on the River Lathkill. Shown are: a total abundance, b number of taxa and c Shannon-Wiener diversity. Number of samples: day 6: n = 6; day 19: n = 2; day 34: n = 3; day 47: n = 5; day 76: n = 4; day 102: n = 3
Nemoura cambrica (Plecoptera: Nemouridae), and Ceratopogonidae (Diptera) (Appendix 1-Electronic supplementary material). In addition, D. bicuspidatus was [100 times more abundant in rehydrated sediments, with all life stages being recorded (nauplii, copepodites and adults including ovigerous females). Similarly, the Chironomidae were more abundant and diverse in rehydrated sediments (185 larvae from 13 taxa) compared with dewatered sediments (41 individuals from two taxa) (Appendix 1-Electroni supplementary material). Rehydration of sediments collected on 9th and 20th August resulted in the emergence of adult chironomids after approximately 21 days. These adults comprised Bryophaenocladius aestivus, and species of the genera Metriocnemus and Chironomus and the tribe Tanytarsini.
Discussion
Spatial and temporal variability in community composition
The importance of flow permanence in determining community structure has previously been reported for temporary streams in Mediterranean (Bonada et al., 2006) , arid (Chakona et al., 2008) and temperate regions (Meyer et al., 2003) , and in the present study, the flow permanence gradient in the River Lathkill headwaters was clearly reflected by invertebrate community composition despite the occurrence of an aseasonal, high magnitude flood event. Sites with lower flow permanence were characterised by reduced species richness and community abundance compared to sites with greater flow permanence, a pattern that has been reported for many other systems, including both karst and chalk streams in temperate regions (e.g. Wright et al., 1984; Meyer & Meyer, 2000) . The relatively impoverished communities of temporary streams reflect the inability of many taxa to maintain populations at sites subject to regular drying (Lytle, 2000; Suren & Jowett, 2006) . The fauna of temporary karst streams appears particularly depauperate, for example Meyer & Meyer (2000) recorded a mean taxon richness of\5 taxa per site at intermittent sites in a temperate-region karst river in Germany. Similarly, in this study, mean taxon richness was \4 taxa at intermittent and ephemeral sites whilst surface flow persisted. Several factors are likely to contribute to the relatively species-poor nature of temporary karst stream communities, including sediment characteristics, the limited macrophyte community, and the frequent occurrence of extreme hydrological conditions. Most research considering other types of temporary stream communities in temperate regions has focussed on chalk streams (Ladle & Bass, 1981; Wright et al., 1984) . In contrast to limestone streams, temporary chalk streams are characterised by relatively diverse invertebrate communities, for example 75-89 taxa were recorded at intermittent sites on a small 'winterbourne' chalk stream in southern England (Wright et al., 1984; Berrie, 1992) . However, despite the marked differences in chalk and karst stream communities, an inverse relationship between flow permanence and both invertebrate abundance and species richness is common to both environments (Wright et al., 1984; Meyer et al., 2003) . Streambed drying has been shown to have a greater influence on community composition than flood events (Boulton et al., 1992) , and in the current study, flow permanence also determined community responses to the flood event. At perennial and transitional sites, it is highly likely that the low values of community metrics recorded on the first sampling date resulted from the scouring action of the spate, considering the communities known to inhabit these reaches (Wood et al., 2005) , that communities recorded at perennial sites at the start of the investigation were typical of flood-impacted sites (e.g. Suren & Jowett, 2006) , and that community recovery was subsequently recorded. In contrast, the return of flowing water to the ephemeral and intermittent reaches during the flood allowed recolonisation of the surface channel and therefore resulted in small increases in both invertebrate abundance and diversity. The combination of the detrimental impact of the spate at perennial and transitional sites, and the appearance of recolonists at temporary sites was, however, insufficient to affect the positive relationship recorded between flow permanence and both community abundance and diversity.
Four taxa were recorded at intermittent and ephemeral sites five days after flow resumed: G. pulex, A. aquaticus, Oligochaeta and P. personatum, all of which are common temporary water inhabitants (Byrne & McMahon, 1994; Montalto & Marchese, 2005) . The dominance of G. pulex at sites with contrasting flow permanence has been attributed to its ability to recolonise from longitudinally connected perennial surface waters and/or adjacent hypogean habitats (Lindegaard et al., 1998) . In the River Lathkill, the contiguous cave and conduit system may have acted as a passive refugium from which G. pulex was transported into the surface channel by the spate flows (Gunn et al., 2000) . Other taxa, namely the Oligochaeta and P. personatum, are likely to have persisted during the spate and the preceding dry phase in the surficial sediments overlying the epikarstic bedrock (Pipan, 2005) , due to their morphology permitting the inhabitation of fine sediments and due to their being physiologically adapted to tolerate desiccation. Juvenile sphaeriids, for example have physiological adaptations that minimise water loss, and can persist in dewatered sediments in a dormant state (Way et al., 1980; Byrne & McMahon, 1994) . Similarly, some Oligochaeta secrete a protective cyst that facilitates desiccation resistance in dormant individuals (Montalto & Marchese, 2005) .
In common with previous research, the invertebrate communities of ephemeral and intermittent sites were dominated by ubiquitous and facultative taxa (i.e. those not restricted to temporary waters) whilst surface water persisted (Fritz & Dodds, 2004) . Wright et al. (1984) , for example, observed only four temporary water specialists out of a total of 233 taxa recorded from an ephemeral chalk stream in southern England. Similarly, in the present study, only three taxa (Helophorus sp. larvae, Zonitoides sp. and L. truncatula) were primarily associated with the intermittent and ephemeral sites whilst surface flow persisted. These taxa are common temporary water inhabitants (Rundle et al., 2002) with physiological adaptations that confer resistance to streambed drying, for example desiccation tolerance (Landin, 1980; Costil et al., 2001 ) and reproduction by self-fertilisation (L. truncatula; Trouve et al., 2003) . Other studies have recorded communities including a greater range of temporary water specialists, such as species of Trichoptera, Coleoptera, Ephemeroptera and the Diptera families Ceratopogonidae and Chironomidae (Williams, 2006) . In particular, four Trichoptera species (Limnephilus centralis, Micropterna lateralis, M. sequax and Stenophylax permistus (Limnephilidae)) have been associated with intermittent springs on the River Lathkill (Wood et al., 2005 ). In the current study, the absence of such common temporary water inhabitants during the period of surface flow largely reflects the life histories of aquatic insects, since summer sampling would have coincided with the terrestrial adult stage of many species. Additional factors in the current study may have included the removal of temporary water specialists by the scouring spate flows, and the disruption of lifecycles by the unpredictable timing of the spate (Lytle & Poff, 2004) .
The persistence of aquatic invertebrates following streambed drying Previous studies considering the refugial capacity of the hyporheic zone have suggested a coarse-grained substratum (and hence large interstices; Gagneur & Chaoui-Boudghane, 1991 ) and the retention of free water (Boulton & Stanley, 1995) as necessary features of an effective refugium. However, the River Lathkill headwaters do not have typical hyporheic sediments, the substratum instead comprising exposed epikarstic bedrock overlain in places by fine-grained sediments. The rapid recolonisation of the surface channel following flow reactivation had indicated that these sediments provided a refugium for a few taxa (e.g. Oligochaeta and P. personatum), despite lacking both large interstices and free water. Indeed, the subsequent investigation of dewatered sediments following streambed drying demonstrated that taxa including A. guttatus, H. brevipalpis, D. bicuspidatus and several Chironomidae (e.g. Smittia sp. and Metriocnemus sp.) were inhabiting the surficial sediments[1 month after surface flow ceased. However, these sediments were not used as a refugium by all taxa; G. pulex, for example, was observed alive under larger substratum clasts on the first sampling occasion after surface water was lost, but not during subsequent surveys. The inability of G. pulex to exploit this potential refugium is likely to reflect the fine-grained nature of the sediments, since Gammarus species have been observed to migrate into the hyporheic zone to depths of 2 m during spate conditions where interstitial spaces allow (Dole-Olivier & Marmonier, 1992) .
The communities recorded in rehydrated sediments comprised more taxa at greater abundances compared with those of dewatered sediments preserved immediately after collection, indicating that physiological and life history survival strategies had been used in conjunction with behavioural refugium inhabitation. Cyclopoid copepods of the family Cyclopidae, for example, are known to survive unfavourable environmental conditions as dormant juveniles (Dahms, 1995) , and in the current investigation, the abundance of all the life stages of Diacyclops bicuspidatus in rehydrated samples indicated the use of this strategy during streambed drying. Similarly, the Chironomidae were more abundant and diverse in rehydrated sediments (13 genera) compared with dewatered sediments (two genera), suggesting that many taxa had persisted as dormant eggs (Vinogradova, 2007) . Experimental rehydration therefore allowed chironomid development to resume, with adult emergence occurring after *3 weeks, indicating the importance of rapid development in aquatic larvae as a survival strategy of temporary water inhabitants (McLachlan, 1983) .
Several taxa not recorded at intermittent or ephemeral sites whilst surface flow persisted were subsequently observed in sediment samples, including Nemoura cambrica nymphs, Stenophylax sp. larvae, and adult Anacaena globulus (Coleoptera: Hydrophilidae) and A. guttatus. These insect taxa may have been present whilst surface flows persisted but not sampled due to low abundance, however, they are also known to have life history adaptations that facilitate survival during streambed drying. Stenophylax permistus, for example, is particularly common in temporary reaches of the River Lathkill (Wood et al., 2005) , emerging from the river prior to streambed drying and aestivating in the terrestrial environment as adults until surface water returns (Williams, 1996) . Stoneflies of the family Nemouridae are also common temporary water inhabitants (Williams, 2006) and certain species are associated with intermittent sections of the River Lathkill, where they reach peak abundance during early spring, prior to the loss of surface water (Wood et al., 2005) . In addition, several Dytiscidae beetles, including the genus Agabus, have been recorded in temporary waters throughout the local area (Wood et al., 2005) , and also occur in temporary water habitats in other regions (e.g. Fenoglio et al., 2006) . The presence of these temporary water specialists in the dry sediment samples indicates that their earlier absence following the resumption of surface flow was probably due to the life history and physiological survival strategies of individual species, and did not reflect any longterm detrimental impacts of the aseasonal spate.
Conclusions
Climate change forecasts for the region studied (i.e. the East Midlands of England) indicate that in the coming decades, summers may be characterised by higher temperatures and reduced rainfall (Shackley et al., 2001) . These changes are likely to increase both the spatial and temporal extent of streambed drying events, particularly in hydrologically responsive rivers such as those in karst landscapes. Our research has demonstrated the persistence of invertebrate taxa in the fine sediments overlying the bedrock of one such karst river, and this habitat can therefore act as a functional equivalent of the hyporheic zone refugium during streambed drying, despite lacking attributes considered central to the refugial capacity of the latter (Gagneur & ChaouiBoudghane, 1991; Olsen and Townsend, 2005) . However, the species able to exploit these finegrained sediments as a refugium appear limited, and although the persistence of some species was enhanced by desiccation tolerance, the small interstitial spaces and lack of free water prevented the survival of others. This research has thus highlighted the importance of physiological as well as behavioural adaptations in promoting invertebrate resistance and resilience during streambed drying, with many species using a combination of strategies to facilitate survival. Future research should examine the abiotic and biotic factors that control the use of subsurface sediments as refugia by aquatic invertebrates during both spate and drying events, as well as the relative importance of behavioural (i.e. refugium use, both active and passive), physiological (e.g. desiccation tolerance) and life-history (e.g. timing of terrestrial life stages) adaptations in promoting invertebrate persistence during extreme hydrological events. Such research will contribute to the understanding of potential invertebrate community responses to future environmental change.
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